Fluorescence probes that can detect pH are useful tools for biological research and clinical diagnosis. Here we report pH-activatable near-infrared fluorescence probes, based on hydroxymethyl germanium-rhodamine (HMGeR), that are suitable for a range of biological applications. The pK a , the ratio of the fluorescent form in an acidic environment, and the absorption/emission wavelengths can all be conveniently optimized. The most promising probe, 2-HM IGeR, offers significant advantages over currently available near-infrared pH probes, notably high quantum efficiency, appropriate pK a value for biological applications, and high photostability. Further, our molecular design strategy allows easy conjugation of the probes to biomolecules without loss of functionality. We illustrate the value of this strategy by developing probe-Herceptin® and probe-avidin conjugates to visualize pH change in cellular vesicles during endocytosis, and to visualize tumors in a mouse model, respectively. We believe 2-HM IGeR is currently among the best-in-class pH-activatable near-infrared probes for biological and medical research.
F luorescence probes that can detect pH (pH probes) are useful tools for both biological research and diagnosis, offering high sensitivity, good spatial and temporal resolution, and ease of use. For example, they are widely used to study cellular processes such as endocytosis, phagocytosis, exocytosis, and so on, that are accompanied by dynamic pH changes inside vesicles, influencing the activity of various enzymes [1] [2] [3] [4] . Further, activatable pH probes (OFF/ON type) in combination with antibodies can visualize cancers selectively in vivo [5] [6] [7] . Generally, pH probes with pK a around 6 are thought to be appropriate for such applications, because intracellular pH changes are centered around this pH 5 .
Many pH probes have been reported [8] [9] [10] , and some are commercially available. However, most of them require excitation in the visible region; however, light in this wavelength range induces autofluorescence of biomolecules, and is easily absorbed and scattered by tissue or skin, resulting in a low signal-to-noise ratio and non-quantitative detection capability during in vivo imaging. One approach to minimize these problems is to develop fluorescence probes whose absorption and emission wavelengths are in the near-infrared (NIR) region [11] [12] [13] , because the tissue penetration of light in this region is much greater than that of visible light. NIR pH probes are also particularly useful for multi-color imaging of biological processes in cellulo [14] [15] [16] , enabling plural molecular activities to be monitored simultaneously.
Some NIR pH probes that can detect acidic environments have been reported. However, most of them are cyanine-based probes, which become highly fluorescent or change their fluorescence properties when an amino group within the fluorophore is protonated [17] [18] [19] [20] [21] [22] . These probes have various drawbacks, including inappropriate pK a to monitor intracellular pH, irreversibility of response to pH change, and instability to photoirradiation. A sophisticated series of NIR pH probes for precisely measuring intracellular pH was recently developed 23 , but these probes required ratiometric measurement, which is not easy to apply for in vivo cancer imaging in the clinical setting.
Herein, we report a Ge-rhodamine-based, OFF/ON type, pH-activatable probe that offers significant advantages over other currently available probes for analyzing biological processes or diseases in which pH changes play an important role, especially when a high signal-to-noise ratio in the NIR region is required.
Results
Our strategy for designing the probe. We focused on spirocyclization of rhodamine dyes as the basis for the probe design. It is known that a nucleophilic functional group such as amide, hydroxymethyl, or thiomethyl at the 2' position of the benzene moiety can intramolecularly attack the 9 position of the xanthene moiety to form a spirocycle, resulting in loss of both absorption and fluorescence. Regulation of this intramolecular spirocyclization has been utilized for the development of various fluorescence probes, as exemplified in reports from several groups, including ours [24] [25] [26] [27] [28] . The strength of this molecular design is that the activation ratio of the signal can theoretically be almost infinite. We decided to adopt this strategy to develop pH-activatable probes, because we expected that the benzene moiety above the xanthene moiety (see Fig. 1a for the definition) could be freely modified without affecting activation of the probes (see discussion section for details), so that it should be easy to add a modification site for conjugation of the probes to biomolecules. We have reported that 2-hydroxymethyl tetramethylrhodamine (HMTMR; called 2-HM OR (oxygen-rhodamine) in this paper) pH-dependently forms a spirocycle (Fig. 1a) with a pK a of 9.6 25 . (This is the same value as pK cycle , which is defined as the pH value at which the absorbance of the compound decreases to half the maximum absorbance as a result of the intramolecular spirocyclization 24 ; to avoid confusion, we use only the term pK a in this report.) Since far-red to NIRemitting group-14 rhodamines, such as silicon-rhodamine (SiR) and germanium-rhodamine (GeR), have higher reduction potentials compared to oxygen-rhodamines, we hypothesized that the electrophilicity at the 9 position of the xanthene moiety in these rhodamines bearing a hydroxymethyl group at the 2' position would be higher, thereby shifting the pK a to the more acidic region (see Supplementary Note 1 for details). Therefore, we set out to develop novel OFF/ON type NIR pH-activatable probes using these rhodamines.
Development of 2-HM IGeR. To verify our hypothesis, we first prepared three derivatives of 2-HM OR, i.e., 2-HM SeR (selenium-rhodamine), 2-HM SiR and 2-HM GeR (Fig. 2a) , and examined their photophysical properties and pK a values (see Supplementary Fig. 1 for the spectra). As expected, the pK a values of these rhodamines were shifted to a more acidic region as the absorption wavelength becomes longer, and the apparent pK a of both 2-HM SiR and 2-HM GeR was about 5.7, which is a favorable value for detecting intracellular acidic environments ( Fig. 2b and Table 1 ). However, 2-HM SiR and 2-HM GeR unexpectedly showed different behavior from 2-HM OR and 2-HM SeR, i.e., they also formed a spirocyclized form under strongly acidic conditions (pH < 4) (Figs. 1b and 2b ). This can be explained as follows: although the two nitrogen atoms at the 3 and 6 positions of the xanthene moiety are sp 2 -hybridized and the dimethylamino groups are in the same plane as the xanthene moiety at neutral pH, a proton coordinates to the amine during the pH change from neutral to acidic, making the electrophilicity of the xanthene moiety of Si-rhodamine or Ge-rhodamine sufficiently high for attack by the hydroxymethyl group to occur, thereby producing a spirocyclized form with two sp 3 -hybridized nitrogens in quaternary ammonium salts (Fig. 1b) (In case of O-rhodamine and Se-rhodamine, this process does not occur probably because electrophilicity of the xanthene moiety does not become sufficiently high even after the dication is formed, due to the higher LUMO (lowest unoccupied molecular orbital) energy level of the fluorophores 29 ).
Owing to this spirocyclization under acidic conditions, it appears that not all the molecules can be in open form at any pH, since the two acid dissociation constants, pK a ' and pK a , are proximate (Fig. 1b) . To check this, we examined the ratio of the open form by 1 H-NMR (Nuclear Magnetic Resonance) measurement, and found that the ratios of the open form of 2-HM SiR and 2-HM GeR at pH 4, where the ratios have the highest values, were 59% and 64%, respectively. This indicates that these rhodamines cannot be fully effective as fluorescence probes, and further, this shortcoming could potentially cause misunderstanding of targeted biological processes.
To overcome this problem, we decided to modify 2-HM GeR, which has a higher fluorescence quantum yield (Φ fl ) and a higher rate of the fluorescent ring-opened form in acidic solution, as compared with 2-HM SiR. In general, amines are protonated to form the quaternary ammonium cation under acidic conditions, but cyclic amines are relatively difficult to protonate because of their restricted structural flexibility, resulting in a pK a shift to the acidic region 1 . Therefore, we hypothesized that if the dimethylamino groups of 2-HM GeR were replaced with cyclic amino groups, spirocyclization in the acidic region would be restricted. Thus, we synthesized 2-HM PGeR and 2-HM IGeR bearing cyclic amino groups at the 3 and 6 positions of the xanthene moiety instead of the dimethylamino groups (Fig. 3a) . These cyclic amines were chosen on the basis of a report that these substitutions can change the electrophilicity of benzhydrylium ion 30 , which led us expect that they would be useful for finetuning the pK a of the probes for biological applications. Next, we examined the photophysical properties and pH profiles of 2-HM PGeR and 2-HM IGeR, together with 2-Me GeR (Fig. 3 , Table 1 , and Supplementary Fig. 2 ), which cannot form a spirocyclized form under acidic conditions due to the lack of a nucleophilic functional group at the 2' position of the xanthene moiety. Although 2-Me GeR showed a pH-independent fluorescence profile, the fluorescence of 2-HM PGeR and 2-HM IGeR showed pH-dependency, and as expected, spirocyclization did not occur under strongly acidic conditions, even at pH 2 ( Fig. 3b) . The pK a values of 2-HM PGeR and 2-HM IGeR were around 5.4 and 6.2, respectively ( Fig. 3b and Table 1 ), suggesting that the pK a values of these probes can indeed be modulated by changing the structure of the substituents at the 3 and 6 positions of the xanthene moiety. The pK a of 2-HM IGeR (pK a : 6.2) is appropriate for fluorescence imaging of intracellular acidic regions. Further, it is noteworthy that this modification also led to improvement of the absorption and emission wavelengths of the probe as an NIR fluorescence probe (Abs max /Em max = 679/ 693 nm, about 30 nm longer than 2-HM GeR). The quantum efficiency of this probe was also sufficiently high for biological applications ( Table 1) .
Conjugation of the pH probe to biomolecules. Next, in order to examine the suitability of this probe for biological applications, we set out to conjugate 2-HM IGeR to biomolecules. For conjugation, we first introduced a succinimidyl ester to obtain 2-HM-4-COOSu IGeR (Figs. 5a and 4). As shown in Fig. 4 , we first synthesized tert-butyl 3-tert-butoxymethyl-4-bromobenzoate, whose carboxy and hydroxyl groups are each protected by a tertbutyl group. Then, we lithiated the compound by adding sec-butyl lithium, and reacted it with IGe-xanthone. Similarly, we prepared pH-insensitive 2-Me-4-COOSu GeR (Fig. 5a ). Then, in order to investigate the pH-dependency of the fluorescence of these labeling reagents when bound to biomolecules, we prepared six conjugates, Her-GeR, Her-HMIGeR, Her-CypHer, Avi-GeR, Avi-HMIGeR, and Avi-CypHer by using 2-Me-4-COOSu GeR, 2-HM-4-COOSu IGeR, or the commercially available NIR pH probe CypHer5E TM mono NHS ester to label Herceptin® or avidin. As expected, Her-GeR and Avi-GeR showed pHindependent fluorescence, while the other compounds showed pH-dependent fluorescence (Fig. 5b , Table 1 , and Supplementary  Fig. 3 ). The pK a values of Her-HMIGeR and Avi-HMIGeR were around 6.6 and 5.5, respectively, which would afford higher activation ratios in the intracellular acidic environment than the relatively neutral pK a values, around 6.8 and 6.9, of Her-CypHer and Avi-CypHer (Table 1) . These results show that it is possible to conjugate 2-HM-IGeR to biomolecules with retention of appropriate pH sensitivity, and further demonstrate that these pH sensors are compatible with structural modification of the benzene moiety to add new functionality: in this case, the ability to conjugate to biomolecules.
Fluorescence imaging of the process of endocytosis. Next, we investigated fluorescence imaging of endocytosis with HerHMIGeR prepared above. We loaded 150 nM of the conjugate into NIR3T3/HER2( + ) cells 5 , which are mouse fibroblast cells overexpressing HER2. No fluorescence was observed immediately after addition of Her-HMIGeR to the medium (Fig. 6a) , but strong fluorescence appeared as dots in the intracellular region within 24 h (Fig. 6b) . This strongly fluorescent region overlapped with lysotracker, and was blocked by addition of Herceptin as a competitive inhibitor (Fig. 6c) . This result indicates that HerHMIGeR was internalized by endocytosis through HER2 and then became fluorescent upon entering acidic lysosomes. On the other hand, when we used Her-GeR, fluorescence was seen even at 0 h (Fig. 6d) , and it was difficult to distinguish the fluorescence of the cell membrane from that of lysosomes even at 24 h after incubation with the dye, because Her-GeR is "always on" (Fig. 6e ) (in Fig. 6f , Herceptin was again added as a competitive inhibitor to confirm the signal is from the probe binding to HER2). Thus, 2-HM-IGeR conjugated to biomolecules is useful for visualizing the process of endocytosis and the subsequent pH change in the vesicles, whereas Her-GeR is not. We next compared HerHMIGeR and Her-CypHer. These two probes both showed fluorescence activation upon endocytosis, but there was a marked difference of photostability between them (Fig. 7) . When we observed endocytosed Her-HMIGeR or Her-CypHer in living cells by fluorescence confocal microscopy with continuous excitation, we found that almost all the molecules of Her-CypHer were photobleached within 1 min, while Her-HMIGeR showed only slight photobleaching (Fig. 7) . Thus, our pH probebiomolecule conjugate is significantly superior to the commercially available cyanine-based conjugate in terms of resistance to photobleaching.
Cancer imaging in a mouse model using probe-labeled avidin. Finally, in order to further investigate the applicability of the probe-biomolecule conjugate for in vivo imaging, we conducted tumor imaging in a mouse model. It has been reported that avidin is recognized by lectins expressed on some types of cancer cells, and is endocytosed 31 , thus enabling cancer imaging by using avidin [32] [33] [34] . Here, we prepared a peritoneal dissemination model of SHIN3 35 tumors in BALB/c nude mice, and injected AviHMIGeR into the peritoneal cavity. After 4 h, the mice were sacrificed and imaging was conducted similarly to the reported method 26, 36 . We could clearly visualize disseminated cancers (Fig. 8) . This result indicates the usefulness of our probebiomolecule conjugate for cancer imaging as well.
Discussion
For biological applications, OFF/ON type NIR pH-activatable probes should generally have the following features: (1) an appropriate pK a to monitor physiological pH changes (pK a around 6 is suitable to monitor the pH range of 5-7.4); (2) a large fold change of fluorescence intensity between acidic and basic conditions (across the pK a ); (3) ability to be conjugated to biomolecules without impairment of the photophysical properties. Regarding the first point, for example, the pK a value of the commercially available NIR pH-activatable fluorescence probe CypHer5E TM is 7.3 (according to the product specification sheet of the product, PA15401, GE Healthcare), which is somewhat higher than is desirable to monitor the intracellular acidic region [1] [2] [3] [4] . To monitor physiological pH change with high sensitivity, a pK a of around 6 would be better, as mentioned above, but rational adjustment of the pK a of cyanine-based probes is difficult. On the other hand, a design based on photoinduced electron transfer (PeT) can provide precise control of pK a , as shown in our previous study 5 , but it is difficult to achieve a large fold fluorescence change with NIR fluorescence probes activated by PeT, because of their low excitation energy 19 . In this context, we have previously reported that Si-or Ge-rhodamines are superior to cyanines in terms of the controllability of fluorescence by PeT because of their higher reduction potential, and we have used them to develop novel pH probes that provide a high fold activation 29 . However, it is not easy to modify these kinds of PeTbased Si-or Ge-rhodamine probes in a way that allows them to be conjugated to biomolecules without alteration of their photophysical properties, because the structure of the benzene moiety above the xanthene moiety is already highly optimized to precisely regulate the PeT phenomenon. Therefore, we required a different design strategy for NIR pH-activatable probes that would meet all three of the above requirements. Here, we have successfully developed new Ge-rhodaminebased NIR pH-activatable fluorescence probes suitable for biological applications based on control of intramolecular spirocyclization. In particular, we were able to block the undesirable intramolecular spirocyclization under strongly acidic conditions. Our design strategy also enables precise control of the pK a , in addition to affording desirable absorption and emission wavelengths in the NIR window. Further, our probe design allows simple conjugation of the probe to biomolecules with retention of the photophysical properties. The value of the probes synthesized here is exemplified by the use of Her-HMIGeR to visualize endocytosis in living cells, and Avi-HMIGeR to visualize tumors in a mouse peritoneal dissemination model. These results directly show that the pH-activatable fluorescence probe HMIGeR developed in this study fulfills the three requirements discussed above. This probe also offers the advantages of high-quantum efficiency and resistance to photobleaching.
We believe that HMIGeR is currently among the best-in-class pH-activatable near-infrared probes for use in biological and medical research, especially when a high signal-to-noise ratio in the NIR region is required. This probe should be a powerful tool for analyzing various biological processes or diseases in which pH change plays an important role.
Methods
General methods for synthesis of compounds. General chemicals were of the best grade available, supplied by Tokyo Chemical Industries, Wako Pure Chemical, Aldrich Chemical Co., Alfa Aesar, Dojindo, GE Healthcare and Invitrogen, and were used without further purification. NMR spectra were recorded on a JEOL JNM-LA300 instrument at 300 MHz for 1 H-NMR and at 75 MHz for 13 Calculation of pK a values. Absorption and fluorescence spectra were measured in 100 mM sodium phosphate buffer at various pH values. The pH profiles of absorbance or fluorescence intensity (at λ max ) were fitted to the Henderson-Hasselbalch equation by using KaleidaGraph (Synergy Software) for determination of pK a values. For 2-HM SiR, 2-HM GeR, and Her/Avi-CypHER, the values at pH 2 and 3 were not used for fitting, because the absorbance and fluorescence were both decreased under these strongly acidic conditions.
Labeling Herceptin® and avidin with the probes. Two equimolar amine-reactive 2-HM-4-COOSu IGeR, 2-Me-4-COOSu GeR, or CypHer5E TM mono NHS ester was reacted with Herceptin® (2.2 mg) or avidin (0.66 mg) in NaPi buffer (1 mL, pH 8.5) for 2 h at r.t. The mixture was purified on a Sephadex G50 column (PD-10, GE Healthcare). Under these conditions, the dye per antibody ratios (D/A) of the prepared conjugates were 0.6 for Avi-CypHer, 0.5 for Her-GeR, Her-CypHer, and Avi-GeR, and 0.3 for Her-HMIGeR and Avi-HMIGeR, as determined from the absorbance of the dyes. (We assumed that ε (molar extinction coefficient) of ringopened 2-HM GeRs are the same as that of the 2-Me analog (ε = 1.0 × 10 5 in PBS), and estimated the concentration in acidic solution, which would give almost 100% open form.)
Experiments using living cells. NIH3T3/HER2( + ) cells 5 and SHIN3 cells 35 were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% (v/v) fetal bovine serum, 1% penicillin and 1% streptomycin in a humidified incubator containing 5% CO 2 in air. For fluorescence microscopy, cells were plated on a 35-mm PDL-coated glass-bottomed dish (MatTek Corporation) in the medium.
Endocytosis imaging and photobleaching test. A confocal imaging system (TCS-SP5, Leica) equipped with a white light laser was used. Fluorescence images were taken with simultaneous monitoring of fluorescence at two channels (FL1 = 690-800 nm for Her-HMIGeR or 670-800 nm for Her-GeR and Her-CypHer, FL2 = 500-535 nm). Excitation wavelengths of 670 nm for Her-HMIGeR, 650 nm for Her-GeR and Her-CypHer, and 488 nm for LysoTracker® Green were used. Other conditions, such as the concentrations of probe and antibody and the incubation time, are described in the figure legends.
Tumor imaging with Her-HMIGeR. Six-week-old female BALB/cAJcl-nu/nu mice (CREA Japan, Inc.) were given an intraperitoneal (i.p.) injection of 1 × 10 6 human ovarian cancer SHIN3 cells suspended in 300 μL PBS. After 10 days, the mice were injected i.p. with freshly prepared Her-HMIGeR (D/A = 0.6) (100 μg in 300 μL PBS), and 4 h later, they were sacrificed by exposure to carbon dioxide. Images were acquired by using a Maestro TM In Vivo Imaging System (CRI Inc., MA, USA), with an excitation filter of 616-661 nm and a 675 nm LP emission filter. The tunable filter was automatically stepped in 10-nm increments from 670 to 900 nm and the camera captured images at each wavelength interval with constant exposure. The fluorescence spectra consisted of intestine autofluorescence and HerHMIGeR fluorescence, and the two were unmixed based on their spectral patterns with Maestro 2.10.0 software. Experiments involving animals were carried out in accordance with regulations and guidelines for the care and use of experimental animals of the University of Tokyo and approved by the institutional review committees of the the University of Tokyo.
Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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